Gene expression analysis at the single-cell level is critical to understanding variations among cells in heterogeneous populations. Microfluidic reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) is well suited to gene expression assays of single cells. We present a microfluidic approach that integrates all functional steps for RT-qPCR of a single cell, including isolation and lysis of the cell, as well as purification, reverse transcription and quantitative realtime PCR of messenger RNA in the cell lysate. In this approach, all reactions in the multi-step assay of a single lysed cell can be completed on microbeads, thereby simplifying the design, fabrication and operation of the microfluidic device, as well as facilitating the minimization of sample loss or contamination. In the microfluidic device, a single cell is isolated and lysed; mRNA in the cell lysate is then analyzed by RT-qPCR using primers immobilized on microbeads in a single microchamber whose temperature is controlled in closed loop via an integrated heater and temperature sensor. The utility of the approach was demonstrated by the analysis of the effects of the drug (methyl methanesulfonate, MMS) on the induction of the cyclin-dependent kinase inhibitor 1a (CDKN1A) in single human cancer cells (MCF-7), demonstrating the potential of our approach for efficient, integrated single-cell RT-qPCR for gene expression analysis.
Introduction
A major challenge in gene expression profiling is the ubiquitous heterogeneity existing in biological samples 1, 2 . Conventionally, gene expression measurements are focused on groups of cells from organs, tissues or cell culture as the measurement technologies have been limited by accuracy, sensitivity, and dynamic range. While cells may appear morphologically identical, recent evidence reveals that gene expression level of individual cells in a population can vary due to cellular heterogeneity 3 . Thus, gene expression studies using groups of cells can fail to detect differences in the molecular composition of individual cells 1, 4 .
Single-cell gene expression profiling, a method to assay the gene patterns in individual cells, is capable of alleviating the complexity of genetic variability caused by heterogeneity and has the potential to reveal intracellular molecular mechanisms and pathways 5 . For example, environmental stimuli lead to variations in expression which can be manifested at the level of single-cell gene regulatory networks 6 By quantifying the alterations in gene expression, the influence of the stimuli on genes can be identified. Most recently, by combining nextgeneration nucleic acid sequencing with improved biochemical methodologies such as template switching technology (Smart-seq) 7 , transcriptome in vivo analysis (TIVA) 8 , unique molecular identifiers (UMIs) 9 and fluorescent in situ RNA sequencing (FISSEQ) 10 , genetic analysis at the single cell or single molecule level has been used in applications such as personalizing therapy 11 , drug discovery 12 and embryonic stem cell research 13 . However, such assays have been technically challenging due to the low quantity and degradation of RNA from an individual cell [14] [15] [16] . A typical mammalian cell contains about 10-30 pg of RNA of which 1-5%, depending on cell type and physiological state, is mRNA corresponding to 10 5 -10 6 molecules 17 .
Microfluidic technology is capable of rapid, sensitive and quantitative assays in small sample volumes while eliminating the need for labor intensive and potentially error-prone laboratory manipulation 18 . Much effort has been devoted to developing single-cell gene expression profiling analysis in microfluidics [19] [20] [21] [22] [23] [24] [25] . Microchip-based fluorescence in situ hybridization (FISH) has been used to detect and localize the presence or absence of specific DNA sequences 26 . Microchips have also been combined with emulsion reverse transcription polymerase chain reaction (eRT-PCR) by employing the thermoresponsive sol-gel switching properties of agarose. In comparison, microfluidic quantitative reverse transcription polymerase chain reaction (RT-qPCR), which detects gene expression through the creation of complementary DNA (cDNA) transcripts from RNA offers large dynamic ranges as well as high sensitivity and accuracy 27, 28 . For example, a microfluidic device for gene expression measurements was developed employing an open-loop infrared laser-based thermal control system where RNA templates from the lysate of cells can be quantitatively analyzed 29 . A microchip has also been presented to capture single cells and reverse transcribe messenger RNA (mRNA) in cell lysate to cDNA, which is fed into a commercial system (BioMark, Fluidigm) for analysis 30 . While representing significant progress towards single-cell gene expression profiling, these approaches require off-chip manual transfer of RNA (which is a common source of potential contamination to the samples), rely on offchip thermal control instrumentation, or involve rather complicated flow control components and operations.
We present an approach that, in contrast to existing microfluidic RT-qPCR methods, realizes complete microfluidic integration of single-cell RT-qPCR. This approach integrates isolation, immobilization and lysis of single cells with microbead-based purification, reverse transcription (RT) and quantitative real-time PCR (qPCR) of mRNA in the cell lysate, without requiring off-chip manual transfer of cells and reagents between the individual reaction steps, and without using off-chip qPCR instruments. Furthermore, our approach affords implementation in a device that is simple in design, fabrication and operation. As such, the approach offers a high level of efficiency, allows minimization of loss or cross contamination of analytes (which is particularly significant for low mRNA abundance in the case of single cells), and is amenable to parallelized and multiplexed gene expression analysis. The utility of our approach for potentially enabling rapid, sensitive and reliable single-cell gene expression analysis is demonstrated by analysis of the effects of the drug (methyl methanesulfonate, MMS) on the induction of the cyclin-dependent kinase inhibitor 1a (CDKN1A) in single cells of the MCF-7 breast cancer cell line.
Principle, Design and Experimental

Principle
The device is capable of cell-trapping, cell lysis and bead-based RT-qPCR. Hydrodynamic forces were employed for efficient and reliable isolation and immobilization of single cells, which is important to downstream quantitative single-cell genetic analysis including cell lysis, mRNA purification, reverse transcription and DNA duplication. Once immobilized, single cells were lysed chemically and mRNA templates from the lysate were captured using microbeads. The principle of mRNA capture relies on base pairing between the polyA tails of the mRNA and the oligo(dT) 25 residues covalently coupled to the surface of the beads. For reverse transcription (RT) the bead-bound oligo(dT) 25 functions as a primer for the synthesis of cDNA. After RT, the synthesized cDNA templates were amplified while the accumulation of products was real-time quantified using a hydrolysis probe/primer set (TaqMan®) (Fig. 1A) . The reagent probe/primer consists of a fluorescein amidite (FAM) reporter dye, a minor groove binder (MGB) and a nonfluorescent quencher (NFQ). When the probe is intact, by the Förster resonance energy transfer 31 , the reporter fluorescence is suppressed by the quencher. During a PCR annealing process, the probe will bind to a complementary region of the target template. The quencher will be cleaved from the probe during the subsequent elongation process causing fluorescence of the reporter dye to increase. In addition, to correct for fluorescent fluctuations due to batch-to-batch changes in cavity volume and PCR component concentrations, a passive reference (ROX) was employed to normalize the FAM signal during real-time measurements. Fluorescent images of the beads were taken in two different colors (ROX and FAM) after each PCR cycle. Furthermore, the approach was applied to gene regulation studies by treating cells with MMS to detect drug induced single cell gene expression level alterations.
Design
The device consists of a temperature control chip with an integrated heater and temperature sensor, and a polydimethylsiloxane (PDMS) microchamber and a cell trapping unit (Fig.  1B) . First, a single elliptically shaped reaction chamber (7.7 mm in length, 5.7 mm in width, 15 μm in height and 658±25 nL in volume) was designed for the two-step RT-qPCR process. The cell trapping unit consists of a neck-shaped channel (800 μm in length, 100 μm in width and 15 μm in height) with a protruding structure that reduces the channel width from 100 μm to 5 μm. The cell trapping unit was also equipped with a cell carrier flow outlet, a cell washing outlet and two pneumatic control channels (600 μm in length, 400 μm in width and 80 μm in height) to divert flow for cell trapping, and lysis. A serpentine-shaped temperature sensor (linewidth: 50 μm) and heater (linewidth: 400 μm) were integrated beneath the center of the reaction chamber. In addition, to inhibit reagent evaporation and diffusion caused by PDMS porosity, a transparent and pressure-sensitive adhesive film (3 mm in length and 0.5 mm in width) was bonded on top of the reaction chamber.
Experimental Procedure
Prior to each on-chip test, the device was incubated with 1 mg/mL BSA solution in PBS at room temperature for at least 30 min to prevent small molecule absorption into the PDMS surface. Before introduction into the device, beads were washed using binding buffer (20 mM Tris-HCl, pH 7.5, 1.0 M LiCl, 2 mM EDTA) from the Dynabeads® mRNA Kit and resuspended in a vial, and then were transferred to an RNase-free tube. The tube was placed over a magnet for 1 min, the supernatant was discarded and the binding buffer was added to resuspend the beads. Following the final supernatant removal, the beads were suspended in 2 μL binding buffer (approximately 7.5×10 6 ) and introduced to the device using a microcapillary pipette. The beads entering the chamber were retained by an external magnetic placed underneath the chip, and the approximate number of beads was determined by analysis of the microscope image using ImageJ.
MCF-7 cells were incubated with MEM media supplemented with 10% FBS and 1% P/S, and were kept at 37 °C in a humidified incubator containing 5% CO 2 . Cells used in these experiments, which compared MMS modified cells with non-MMS modified cells, were from the same generation of MCF-7 cells to eliminate potential generational gene expression differences. Before each experiment, cells were collected through centrifugation resuspended at 10 8 cells/mL in MEM and then kept on ice. During the experiments, MCF-7 cell suspension was first diluted to 10 5 cells/mL in a microcentrifuge tube, and mixed to homogenize the suspension and break up cell clusters. The homogenized cell suspension was then driven into the device via a syringe pump while valves were used to manipulate the direction of the flow. The trapping structure was observed under a microscope. Since all cell containing flow was directed through the cell trapping unit and the width of the channel at the protruding structure within the trapping unit (5 μm) is smaller than the average diameter of MCF-7 cells (18±2 μm) 32 , single cells were immobilized in the trap.
Once a single cell was trapped, the upstream control valve (Fig. 1B) was activated while the cell washing outlet was opened to direct (the potentially cell-containing) carrier fluid to the cell trapping outlet. On average, 1.5 cells were introduced into the device per second. Single cells were consistently trapped in the microchip in 150 seconds or less. A lysis solution (100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA, 1% LiDS, 5 mM dithiothreitol) was used to chemically lyse the trapped cells. By mixing oligo(dT) 25 beads with the cell lysate, mRNA templates from a single cell were captured and purified on bead surfaces.
Then, the beads were moved back to reaction chamber and retained by an external magnet. With the cell trapping and washing outlets closed and the upstream and downstream valves open (Fig. 1B) , RT reagent was pipetted into the device chamber, followed by the closure of all the inlets and outlets. Then a pulsed temperature RT protocol was carried out (10 min at 25 °C and 50 min at 42 °C). Similarly, after RT, the PCR reagent was introduced into the device which simultaneously flushes away the RT reagent while the chip was situated on a magnet to immobilize the beads. Once PCR reagent completely filled the reaction chamber, all the outlets were sealed with plugs. Then the platform was placed on the stage of a fluorescent microscope. Each PCR process was initialized and thermocycled with the following protocols: 10 min at 95 °C, followed by 35 cycles of 15 s at 95 °C and 1 min at 60 °C. The whole operation process is shown in Fig. 1C. 
Microfluidic Device Fabrication
The RT-qPCR chip was fabricated using standard multi-layer soft lithography microfabrication techniques. Chrome (10 nm) and gold (100 nm) thin films were deposited and patterned onto a glass slide (Fisher HealthCare, Houston, TX) followed by passivation. AZ 4620 photoresist (Clariant Corp., Branchburg, NJ) was first spun coated and patterned. Once developed, the photoresist was heated up to 200 °C for 1 h, which is above the glass transition temperature of the photoresist. Thus, the reflowing of the photoresist forms channels with a rounded cross section. Then, on the same wafer, SU-8 photoresist (MicroChem Corp., Newton, MA) was spun coated and patterned to define the other parts of the flow layer mold. In parallel, the mold for the pneumatic control layer was fabricated from SU-8 and measured using a Dektak 3 profilometer. Then, PDMS (Dow Corning) was poured over the molds and an additional vapor barrier was embedded in the flow layer PDMS. Sheets bearing the microfluidic features were then peeled off the mold followed by inlet and outlet hole punching. Also, uncured PDMS was spun on a wafer to form a featureless membrane (20 μm in thickness). The membrane was then sandwiched between the flow and control layer by oxygen plasma. Finally, the PDMS device was bonded to the heater and sensor by oxygen plasma resulting in a packaged device. The details of the fabrication process are shown in Fig. SI-1. 
Experimental Set-up
Closed-loop temperature control of the device chambers was achieved using the integrated temperature sensor and heater with a proportional-integral-derivative (PID) algorithm implemented in a LabVIEW (National Instruments Corp., TX) program on a personal computer. The resistance of the sensor was measured by a digital multimeter (34420A, Agilent Technologies Inc., CA), and the heater was connected to a DC power supply (E3631, Agilent Technologies Inc., CA). The microfluidic valves of the device were controlled by individual pressure regulators (Concoa, Virginia Beach, Virginia) interfaced via 20 gauge stainless steel tubing (BD, Franklin Lakes, NJ) and Tygon tubing (ID: 0.79 mm, OD: 2.38 mm, Saint-Gobain, Grand Island, NY). The inlets and outlets of the device were sealed off by polycarbonate plugs. The fluorescent intensity of the reaction was measured from images acquired by an inverted epifluorescence microscope (IX81, Olympus, Center Valley, PA) with a CCD camera (c8484, Hamamatsu, Boston, MA) of the reaction chamber. The schematic of the experimental set-up is shown in Fig. 2. 
Materials
MCF-7 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA). The Minimum Essential Medium (MEM), fetal bovine serum (FBS), penicillin-streptomycin (P/S, penicillin 10 4 unit/mL, streptomycin 10 4 mg/mL), 0.25% Trypsin-Ethylenediaminetetraacetic acid (EDTA), Dulbecco's phosphate-buffered saline (D-PBS), Vybrant multicolor cell-labeling kit (DiI, DiO and DiD), Dynabeads® mRNA Kit, TaqMan® reverse transcription reagents, oligo(dT) 16 (50 μM) primer, CDKN1A primer/ probe set (product number: Hs99999142_m1), XenoRNA control (10 5 copies/μL), TaqMan® Gene Expression master mix, thin-walled RNase-free PCR Tubes (0.2 mL), RNase-free water, RNaseZap Wipes, and MicroAmp® optical adhesive film for the evaporation barrier were purchased from Thermo Fisher Scientific Inc. (Grand Island, NY). Methyl methanesulfonate (~99%) and bovine serum albumin (BSA, ≥98%) were obtained from Sigma-Aldrich (St. Louis, MO).
Results and Discussion
In the experiments, we first performed on-chip thermal control characterization and microscope imaging calibration (Supplementary Information), as well as the influence of bead quantity, cell trapping, cell lysis, mRNA capture, and on-chip RT-PCR in the microchamber. We then demonstrated gene expression analysis through RT-qPCR of MMS treated and untreated single cells.
On-chip Experimental Validation
A hydrolysis primer/probe set and 2×10 4 copies XenoRNA were used to demonstrate the feasibility of on-chip RT-PCR. XenoRNA templates were reverse transcribed and amplified via 35 cycles of PCR. The amplification was compared with the no-template control (NTC). The protocol of the test is shown in Table SI-1. The fluorescent images and background subtracted fluorescent intensity are shown in Fig. 3A . For the on-chip RT-PCR of 2×10 4 copies XenoRNA, the fluorescent image of reporter showed much greater fluorescent intensity than the NTC sample. The mean fluorescent intensity value of three XenoRNA samples after 35-cycles of PCR was 2.7±0.2 compared to 0±0.05 with the NTC. This indicates there was a significant amplification of XenoRNA templates and negligible amplification of the NTC. Furthermore the consistent fluorescent intensity indicates that the reagent concentrations were stable during on-chip RT-PCR. Thus, we can conclude that the reagent absorption and evaporation during the thermal cycling process were effectively inhibited.
Optimization of Bead Volume Fraction in the Microchamber
We performed the optimization of the number of magnetic microbeads in the microchamber. With the microchamber containing varying numbers (from 7.5×10 5 to 7.5×10 6 ) of beads, XenoRNA templates (10 5 copies), approximately representing the amount of mRNA contained in a single cell) were amplified on the chip via 35 cycles of RT-PCR and detected by hydrolysis probes. The fluorescent intensity of the beads was measured at the end of the 35-cycle RT-PCR process for each bead quantity (Fig. 3B) . The testing protocol is shown in Table SI-2. The fluorescence intensity, and hence the PCR reaction yield, initially increased Sun et al. Page 6 with the number of beads in the chamber, reaching a maximum value at 3.75×10 6 beads, and then decreased as the bead quantity further increased. According to manufacturer-supplied information on the XenoRNA capture capacity of oligo(dT) 25 functionalized beads, the optimum bead quantity (3.75×10 6 ) is the number of beads approximately required to capture all the 10 5 copies XenoRNA. Thus, the initial increase in the PCR reaction yield reflected more mRNA being captured on the increasing number of beads. When the bead quantity exceeded the optimal value and further increased, it is likely that no additional copies of XenoRNA were captured in the chamber, while the decreasing net reaction volume in the chamber (with 3.75×10 6 and 7.5×10 6 beads occupying roughly 9% and 19% of the chamber volume, respectively) caused a decrease in the reaction yield and the resulting fluorescence intensity. In subsequent RT-qPCR experiments in our device, we used this optimum bead quantity for experiments involving single cells, each of which was estimated to contain 10 5 -10 6 copies of mRNA 10 .
On-chip mRNA Capture Efficiency Testing
Using the same primers (oligo(dT) 25 ), we performed experiments to assess bead-based mRNA capture efficiency. Different copy numbers of XenoRNA samples (10 4 , 2×10 4 , 5×10 4 and 10 5 ) were captured by 3.75×10 6 beads and the effluents were transferred to micro tubes and mixed with another bead solution including 3.75×10 6 beads with bound oligo(dT) 25 primers. RT-qPCR was then performed. The protocol for this experiment is shown in Table SI (Fig. 3C) . While for the effluents the ΔRn values remained below the threshold. Thus, we can conclude that after bonding, all the XenoRNA were captured by 3.75×10 6 beads and an undetectable amount of free RNA templates were residual in the binding waste. In addition, the lack of amplified products in the effluent verified that there was no significant bead loss as the chamber was flushed with buffer.
PCR Efficiency, Sensitivity and Repeatability
Similarly, to test the PCR efficiency, sensitivity and repeatability of our microfluidic approach, we performed on-chip RT-qPCR using known copies of XenoRNA and compared the results to in-tube bead-based and solution-phase RT-qPCR performed under identical experimental conditions (Fig. 3D) . The details of the procedure are shown in Table SI respectively. Thus, the on-chip reactions had much lower mean C q values than in-tube reactions, suggesting a more sensitive amplification process in the microfluidic device under the given experimental conditions. Additionally, we evaluated the PCR efficiency defined by (10 −1/k -1)×100%, where k is the slope of the C q as a function of the logarithm of the template copy number (Fig. 3D ) 33 We found that under the given experimental conditions, the PCR efficiency for the on-chip bead-based PCR testing (99.7%) was considerably higher than those for in-tube bead-based PCR (80.2%) and in-tube solution-phase PCR (83.9%).
This improved efficiency for on-chip PCR was likely attributable to more efficient molecular interactions in the microscale reaction environment 18-24, 31, 32 .
Single-Cell Isolation and Lysis
First, we investigated the single-cell trapping efficiency of the approach. The volume ratio of Vybrant dye and cell suspension (10 6 cell/mL) was 1:200. Using different carrier flow velocities, cells were dispensed at a fixed cell density and transported to the trapping region. The relationship between the flow rate of cell suspension and the ability of the trap to immobilize a single cell was analyzed (Fig. 4) .
To assess the probability of a single cell being trapped in the device, we conducted repeated experiments, in each of which a dilute cell suspension (10 5 cells/mL) was introduced into the device for cell trapping (Fig. 4A) . The ratio of the number of experiments in which a single cell was successfully trapped to the total number of experiments provided a measure of cell trapping probability. Higher flow rates were found to cause a lower trapping probability as cells tended to pass through the trap because of the increased stress caused by the flow (Fig. 4B ) 34 . However, a lower flow rate would require a longer trapping time, or the time from the start of cell dispensing to the instant when a single cell was trapped, which could potentially impair the cell activity. To assess the combination of these effects, we defined a normalized trapping efficiency by ε= Cρ/t, where ρ is the trapping probability, t is the trapping time, and the scaling factor C = (t/ρ) max is the maximum of the ratio t/ρ calculated from the measurements. This parameter, obtained at flow rates ranging from 5 to 30 nL/s, was found to increase with the flow rate until reaching the 100% maximum at 15 nL/s, and then decreased as the flow rate further increased (Fig. 4C) . Therefore, the optimum flow rate of 15 nL/s for cell suspensions 10 5 cells/mL in concentration was used in all subsequent single-cell gene expression analysis experiments.
We then studied the effects of cell lysis time on single-cell RT-qPCR. Single cells were trapped on-chip and incubated in lysis buffer (RNase proof) for different lengths of time, while microbeads preloaded in reaction chamber were transferred to the cell trapping unit, now containing cell lysate, by movement of an external magnet. After incubation, the beads were moved back to the reaction chamber, and on-chip two-step RT-PCR was carried out to amplify the bead-bound mRNA templates and the reaction yield was analyzed (Fig. 4D) . When cells were exposed to lysis buffer for less than 5 min, the end-point fluorescent intensity of RT-PCR increased with increasing time. However, at lysis times longer than 5 minutes, the signal decreased with increasing time. For short lysis times, the mRNA release process was incomplete. Extending the lysis time can increase the amount of mRNA released and the RT efficiency until enough time has passed where all mRNA have been released. Further increasing lysis duration can cause mRNA damage by RNase as the activity of the RNase inhibitor can be affected by oxidation. Thus, in the following experiments, we chemically lysed the trapped single cells for 5 min.
Fully Integrated Single-Cell Gene Expression Profiling
All steps of single-cell RT-qPCR were integrated in our device. We detected chemically induced alterations in single-cell gene expression of MCF-7 cells treated with MMS. The gene expressions of single cells were assayed for the induction of CDKN1A using a hydrolysis probe/primer.
The amplification of the CDKN1A gene is shown in Fig. 5A . The threshold was calculated to be 0.07. For untreated (red line) and MMS treated single cells (blue line), the C q values were 32.3 and 26.8 (Fig. 5B) . The standard deviations of ΔRn during the whole 35-cycle qPCR were below 0.04 and 0.01 for treated and untreated single cells respectively. Furthermore, the fluorescent images of the device at the first cycle and the 35 th cycle of PCR indicated there was significant amplification of the CDKN1A gene in the reaction chamber. The ROX intensity detected during the entire RT-qPCR process was presented in Figure  SI Encoding by the CDKN1A gene which is located on chromosome 6 (6p21.2), p21/WAF1 can bind to and inhibit CDK activity, preventing phosphorylation of critical cyclindependent kinase substrates and blocking cell cycle progression 35 . In our fully integrated single-cell gene expression profiling, the mean C q value of MMS treated single MCF-7 cells was 5.48 cycles lower than the value for untreated single cells. Thus, the amount of starting templates in 2.5 h MMS treated MCF-7 cells was about 45 folds higher than in untreated single MCF-7 cells. After the MMS treatment, the transcript levels of the CDKN1A gene had been upregulated significantly and detected in our microchip. The results demonstrated the utility of our approach for potentially enabling rapid, sensitive and reliable single-cell gene expression analysis.
Conclusions
In this work, we have developed a bead-based microfluidic approach for integrated RTqPCR at the single cell level. We first tested the mRNA capture efficiency and capacity of the bead, and evaluated the efficiency, sensitivity and repeatability of on-chip bead-based PCR in the microdevice. Then, the on-chip cell trapping and lysis efficiencies were studied. To demonstrate the utility of the approach, we tested the gene expression levels of MMS treated and untreated single MCF-7 cells using our approach. The experimental results showed that the PCR efficiency and the sensitivity of RT-qPCR can be significantly enhanced by using our integrated approach. We also showed that our approach is capable of detecting the expression of CDKN1A gene upregulated by MMS treatment within 27 cycles at the single cell level. These results demonstrated the utility of our approach for potentially enabling rapid, sensitive and reliable single-cell gene expression analysis. In future work, we will extend this approach to construct a microfluidic array that will allow parallelized and multiplexed single-cell RT-qPCR, which will ultimately enable high-throughput single-cell gene expression analysis in basic biological research and clinical diagnostics.
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